Abstract. Strength characteristics of zirconium -niobium alloy E635 were measured under shock -wave loading conditions at normal and elevated temperatures and results of these measurements are presented. Measurements were taken in conditions when samples were impacted by plane shock waves with the pressure up to 13 GPa and duration from ∼0.05 µs up to 1 µs. Free-surface velocity profiles were recorded with the help of VISAR and PDV laser Doppler velocimeters having nanosecond time resolution. Evolution of elastic precursors with samples thickness varying from 0.5 up to 8 mm is also considered. Measured attenuation of the elastic precursor was used to determine plastic strain rate behind the precursor front. Temperature effect on the value of dynamic elastic limit and spall strength at normal and elevated temperatures is studied.
Introduction
Zirconium and alloys on its basis are main structural materials in nuclear power engineering. Small thermal neutron capture cross-section, high-temperature strength, high resistance to creep and irradiation-induced swelling, and also high corrosion resistance together with good compatibility with nuclear fuel make these materials to be most suitable for shells and other elements of fuel assemblies [1, 2] .
Use of products made from zirconium and its alloys under high temperatures and also the necessity to predict behavior of these materials both in severe operational conditions and probable emergency situations highlights importance of the issue how temperature effects elasticplastic and mechanical strength characteristics of these materials under high-strain-rate deformation. Investigation into processes of elastic-viscous-plastic deformation of metals and alloys under shock-wave loading [3] allows us to measure velocity-temperature relationships how these materials resist to deformation and fracture. The structure of shock waves in solid bodies depends on processes of their elastic-viscous-plastic deformation, possible phase transformations, as well as on kinetics of fracture incipience and development [4] [5] [6] .
Available experimental data on dynamic characteristics of zirconium alloys in the range of high strain rates are insufficient to construct wide-range models of elasticviscous-plastic deformation. At the same time when strain rates are higher than 10 4 s −1 , dependence of the flow and fracture stresses sharply increases in many metals due to a changed mechanism of dislocation movement [3, 4] .
Zirconium alloy E635 (Zr-1.0% Nb; ∼ 1% Sn; ∼ 0.5% Fe) as well as E110 (Zr -1.0% Nb) -are the main commercial alloys for nuclear power engineering. and also compares its characteristics with those of zirconium alloy E110. Measurements were taken in the experimental setup when plane shock waves impacted samples in wellcontrolled loading conditions within 4-12 GPa. Shock load duration varied from 0.05 up to 1 µs. The material was studied in the α -phase under normal and elevated temperatures and in the β -phase (under higher than 900
• C temperature).
Material and experimental setup
Zirconium -is a polymorphous metal that has a hexagonal close-packed lattice under normal conditions and belongs to transition metals. Zirconium alloy E635 contains niobium (0,9-1,1 mass%), tin (1. [7] . The X-ray diffractometry demonstrated that the test material is a two-phase material. Insignificant presence of the β -phase (bcc lattice) is observed in addition to the α -phase (hcp lattice).
The material was studied in the as-received condition. The rod with the 35-mm diameter was sliced into disks with the thickness of 0.3, 0.5, 1.0, 2, 4, and 8 mm to serve as zirconium alloy E635 samples for tests. The ultrasonic technique and samples with the 8-mm thickness were used to determine longitudinal c l and shear c s sound velocities: c l = 4711 ± 12 m/s and c s = 2274 ± 2 m/s. Volume sound velocity was estimated to be c 0 = 3.91 km/s. In order to estimate stresses arising in the samples, we used Hugoniot adiabat of zirconium D = 3.91 + 0.91 u (km/s), where D -is shock wave velocity, u -is mass velocity [8] with a correction for sound velocity data obtained for alloy E635. Shock-wave experiments to record the sample deformation dynamics used a light-gas gun of the 44-mm caliber [9] in the range of impact velocities from 300 to 950 m/s. The plane shock wave in samples having 1, 2, 4, and 8-mm thickness was generated by an impactor of zirconium alloy E635 with the thickness of 0.5, 1, 2, and 4 mm, respectively. With samples having 0.5 and 0.3-mm thickness, an impactor made from the zirconium foil with the 0.1-mm thickness was used to generate a shock wave.
Impact velocity was measured with the error at least 0.5%. In experiments out-of-parallelism of impacting surfaces was ∼1..2 mrad. Experiments were performed in conditions of vacuum.
Resistance heaters were used for tests under elevated temperatures in order to heat up samples to the required temperatures. Temperature was monitored with the accuracy of ±5
• C by thermocouples fixed at the lateral surface of samples.
In experiments, velocity of the sample free-surface was continuously recorded with the help of VISAR [10] and PDV [11] techniques. Time resolution of VISARinterferometer is at least 2 ns, velocity resolution of PDV-interferometer is at most 1% within the velocity range under consideration. Amplitude resolution of the interferometer is at most 1%, time resolution -is at least 4 ns. The Hilbert method was used to process PDV data. Table 1 gives basic data on the setup of shockwave experiments, as well as certain measured strength characteristics of zirconium alloy E635.
Measurement results
We also used the following designation: V 0 -impact velocity, h i -impactor thickness, h s -sample thickness, W h -velocity at the front of the elastic precursor, σ h = σ H E L -dynamic elastic limit, σ τ -dynamic yield stress, σ sp -spall strength, SR r w -strain rate in a rarefaction wave (V /V 0 ).
The value of the dynamic elastic limit
agrees with conditions of uniaxial deformation; this value is converted to the yield strength in standard conditions of uniaxial stressed state σ τ using a simple relationship Figure 1 shows characteristic free-surface velocity profiles W (t) for samples from zirconium alloy E635 at differentintensity impacts. An impactor velocity is given above each profile. Free-surface velocity profiles for samples made from zirconium alloy E635 are observed to have a twowave configuration of the shock wave with its splitting into the elastic precursor and the plastic compression wave propagating behind the precursor. For comparison in samples from zirconium alloy E110 under loading amplitudes above 10.6 GPa, the elastic and phase precursors are recorded in front of the principal plastic wave due to the polymorphous α → ω transition with the decrease of the specific volume (see Fig. 2 ) [12, 13] .
The portion of steady-state flow (Fig. 1) is followed by the decrease of rarefaction wave parameters. Interaction of the incident and reflected rarefaction waves causes generation of tensile stresses inside the sample and thus its spall fracturing. Za oblast stacionarnogo teqeni (risunok 1) sleduet spad parametrov v volne razre eni . Relaxation of tensile stresses due to fracturing causes initiation of the compression wave in the stretched material and arrival of this wave at the surface is accompanied by the repeated increase of its velocity, which is called spall pulse. The subsequent periodic fluctuations of the free-surface velocity are conditioned by waves reverberation, i.e. reflection of rarefaction and compression waves from the surface on the separated layer of the material.
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Spall strength was estimated based on measured freesurface velocity decrease under unloading from the shockcompressed state taking into account correction for the velocity profile distortion caused by the difference in the velocity of spall pulse and plastic wave propagation in the unloading area [5] . Figure 3 shows free-surface velocity profiles for differentthickness samples from zirconium alloy E635 (V 0 -610..655 m/s). Each profile has designated thickness of samples.
Elastic precursor and plastic flow behind its front
Our experimental data demonstrate decrease in the elastic precursor amplitude with the compression wave propagation. This is due to stress relaxation during plastic deformation.
Measurement results for the elastic precursor attenuation are given in Fig. 4 .
The dynamic elastic limit versus thickness relationship for alloy E110 is given for comparison [13] . Measurement results demonstrate that zirconium alloy E635 has 25..35% higher dynamic elastic limit compared to E110.
Similar to previous studies [6] [7] [8] [9] [14] [15] [16] , attenuation measurement results are approximated by the following empirical relation:
where S = 1 .158 GPa, α = 0 .148 , and h 0 = 1 mm. The similar data for zirconium alloy E110 -S = 0 .87 GPa, α ≈ 0 .14 . Analysis of elastic precursor attenuation provides information on the initial plastic deformation rate directly after the elastic limit is attained. Measurements of compression velocity in the plastic shock wave provide data on the material behavior at the follow-on stages and usually at higher deformation rates [17, 18] .
The plastic strain rate behind the elastic precursor front in alloy E635 (α = 0.148) is comparable with the plastic stain rate in alloy E110 [12.13] with the determining parameter α ≈ 0.14. Higher dynamic strength of alloy E635 can be conditioned by the effect of such alloying admixtures as tin and iron. Figure 5 shows results of processing the stress wave profiles as the "spall strength versus the material expansion rate in the unloading part of the incident compression pulse" relationship.
Spall strength
Spall strength is calculated using approaches described in [5] . Experimental data are acceptably approximated by the following empirical relation:
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EPJ Web of Conferences
Experimental data given in Fig. 4 cover the impact load duration range from ∼ 0.05µs up to 1 µs.
Compared to E110, spall strength of zirconium alloy E635 is less dependent of the strain rate. Figure 6 illustrates how the dynamic elastic limit and spall strength of zirconium alloy E635 depend on temperature. With the temperature increase up to 331
Temperature effects
• C, the dynamic elastic limit is observed to increase whereas spall strength remains the same.
Wave profiles were processed taking into account temperature relationships of elastic moduli given in [20] . Particularly in this temperature range, shear modulus of zirconium decreases by 20% and the longitudinal sound velocity -by 3.2%.
Comparison of wave profiles in figure 6 demonstrates 10% increase in the dynamic elastic limit of zirconium at 331
• C. Spall strength measured at normal and elevated temperatures in the very similar loading conditions underwent no changes and are equal to 2.7 GPa with the regard for measurement error.
At 960
• C, the material shall be in the β -phase (bcc lattice). Measurement results demonstrate the twowave profile of the shock wave with its splitting into the elastic precursor and the plastic wave. Spall strength of the material at 960
• C decreases by 15..20%.
Conclusion
The paper presents measurement results for dynamic characteristics of zirconium alloy E635 in the range of loading duration from ∼ 0.05 µs up to 1 µs when the pressure amplitude in the shock wave varies from 4 up to 12 GPa. Measured relationships of the elastic precursor attenuation were used to estimate the plastic strain rate with the sample thickness from 0.3 mm to 8 mm. The obtained values are comparable with the plastic strain rate in alloy E110 with samples having similar thickness.
Experiments at temperatures elevated up to 960
• C are conducted for the first time.
Compared to E110, zirconium alloy E635 has the 25..35% higher dynamic elastic limit. A basic distinctive feature of these alloys is availability in alloy E635 of tin and iron as alloying admixtures. Influence of alloying admixtures is essential. Values of spall strength of zirconium alloys E635 and E110 are comparable.
Spall strength of the zirconium alloy grows with the strain rate as σ sp ∼ 0 .96 (V /V 0 ) 0.096 . Spall strength values for zirconium alloys E635 and E110 are comparable in the considered range of strain rates.
Plastic wave splitting with phase precursor separation registered for alloy E110 under shock-wave amplitudes above 10.6 GPa (α → ω trnsition) is not observed on the stress-wave profiles for alloy E635 under the shockcompression pressure of 11-12 GPa.
Spall strength changes insignificantly with the temperature increase up to 331
• C. At 960
• C, spall strength decreased by 15..20%.
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